While many advances have been made in surgical robotics technology, even for surgeons with relatively high levels of robotic surgery experience, many tasks take less time to perform manually. Although there are other benefits to surgical robotics that may outweigh task completion time, relatively lower efficiency will hinder the adoption of this technology. This study focused on two interface parameters: ControlDisplay Gain (CDG, i.e., the amount of robot movement resulting from a given robot controller movement) and the optical Zoom level that defines the working field of view. Results from a study with 10 participants suggest that CDG is a promising interface parameter for optimizing movement time in robot-assisted surgical tasks. The results have implications for the development and implementation of intelligent surgeon-robot interface technology and hold the potential to greatly improve the efficiency of roboticassisted surgery techniques.
INTRODUCTION
Robotic surgery technology and techniques have made rapid advances in recent years across a wide range of clinical applications including cardiovascular surgery (Kappert et al., 2000) , urology (Menon, Tewari, Baize, Guillonneau, & Vallancien, 2002) , pediatrics (Gutt et al., 2002) , gynecology (Falcone, Goldberg, Margossian, & Stevens, 2000) , neurosurgery (Giorgi, Sala, Riva, Cossu, & Eisenberg, 2000) , orthopedics (Jakopec et al., 2001) , microsurgery (Siemionow, Ozer, Siemionow, & Lister, 2000) , and fetal surgery (Aaronson et al., 2002) .
Despite the documented benefits of using a surgical robot to perform procedures (Falcone et al., 2000) , there exists a basic discrepancy between robotic-assisted and traditional surgical methods in terms of the time required to perform a procedure (Dakin & Gagner, 2003; Garcia-Ruiz, Gagner, Miller, Steiner, & Hahn, 1998; Li, Jensen, & Bowersox, 2000) . At the same time, theory and practice have advanced in our ability to model human motor control processes, and furthermore, to take these models into account when designing the human-machine interface. Models of human motor processes in open-and closed-loop systems have been applied to great effect in areas ranging from point-and-click computer interface design and fly-by-wire technologies in modern aircraft (Jagacinksi & Flach, 2003) . A gap exists between these two lines of research, however. While there are many benefits to the use of robotic-assisted surgery, tasks typically take much longer to perform, relative to traditional manual methods. We are not currently able to adequately quantify the mechanisms of this performance decrement to a point where a human-factors design intervention can succeed.
Foundations for Surgeon-Robot Interface Design
In terms of developing a deeper understanding of the surgeon-robot interface from a human factors engineering perspective, there are two primary aspects to consider: (1) the role of the physical interface between the surgeon's hand and the robot controllers (in this specific case, the Zeus MicroWrists, see Figure 1 ), (2) how the motion at the MicroWrists is translated into motion at the robotic endeffectors (top pane, Figure 1 ) -i.e., the control-display gain.
The Hand/Control Interface. For every controller there is an optimal mode of interaction with the human body. For example, one typically uses a butcher knife with a fullhand grasp, while one uses a scalpel with one's finger tips. This observation is intuitively obvious, as well as scientifically confirmed (Arnault & Greenstein, 1990; Arnaut & Greenstein, 1988; Langolf, Chaffin, & Foulke, 1976) . Humans are able to make more precise movements as they limit the number of joints involved in the movement and as they choose more appropriate controls. In a microsurgery setting, the surgeon typically rests his/her hands in a manner where fine manipulation is performed by the fingers alone. By the same token, larger reaching motions are accomplished by moving the wrist, elbow and shoulder. This mode selection allows for an appropriate trade off between movement time and accuracy requirements.
Currently, tele-robotic surgical interfaces do not take advantage of this adaptive human behavior. For example, the Zeus robot accomplishes all motion at the end-effectors through the manipulation egg-shaped controls mounted on the end of large control arms (MicroWrists). The changes in overall motor system gain (input-to-output ratio) are mechanically limited. To be specific, moving the controls in space (thus moving the xyz location of the end-effectors) is exclusively accomplished through moving the surgeon's hands in xyz space. Moving one's hands in space may be a perfect setting for tasks such as blunt dissection. For smaller amplitude movements, micro-surgeons using their hands directly would switch modes from arm/wrist movement to finger movement. The mechanical configuration of the telerobotic controls presents constraints on the minimum movement amplitude for an acceptable level of accuracy. For example, trying to accurately move the MicroWrist a small distance, say 1mm, is much harder than trying to move the MicroWrist 3-4 cm.
Optimal Control Gain. To counteract the physical constraints described in the previous section, robot designers have incorporated "Motion Scaling" (i.e., control-display gain, or CDG) settings into the robot control software. This allows the user to change the control-response ratio. On "High" settings, moving the robot controls causes a response at the end effector on a scale close to that of the control. On "Low" settings, input is dampened, and moving the robot control causes a proportionally smaller response at the end effector. This is, in essence, the same as changing "pointer speed" settings in one's computer mouse control panel. In the analysis of control-response ratio in control movement and positioning tasks, it is convenient to consider two basic phases of movement: travel time and adjustment time.
If one considers the range of potential CDG values from the theoretical extremes of very high CDG to very low CDG in any given control task, the combination of travel time and adjustment time create a U-shaped influence. For very high CDG, very little time is going to be spent in the gross adjustment phase but it will be harder to position the controlled element. For a very low CDG the opposite is true. Somewhere in the middle is an optimal tradeoff between the two types of movement (Jenkins & Connor, 1949) . Other findings have confirmed this general result (Chapanis & Kinkade, 1972; Kantowitz & Elvers, 1988; Langolf et al., 1976) , although it appears that CDG may not have a simple effect on MT. Other studies have shown results indicating relatively larger effects due to target size, movement amplitude and other factors, relative to CG (Arnault & Greenstein, 1990; Arnaut & Greenstein, 1988; Buck, 1980; Jackson, 1984; Jellinek & Card, 1990; Langolf et al., 1976; Olson, 1986) . Various methodological inconsistencies and unaccounted-for variations in task constraints, controller constraints (such as the number of joints involved, discussed above) and dynamics (such as acceleration and other higherorder control variables) leave an unclear picture as to the expected role of CDG in tele-robotic movement tasks. The extent to which adjusting control gain has an effect on overall movement time and accuracy remains an open question in the literature (Accot & Zhai, 2001) , and deserves particular attention with regard to surgical robotics. The initial investigation described here attempts to bring robotic-assisted surgery closer to becoming the standard mode of treatment. We contend that for robotic-assisted surgery, optimally setting the control gain (which is not available in standard laparoscopy) will enhance the performance of the surgeon.
METHODS
An exploratory study with ten participants (1 trained surgeon, 9 engineers -2 of the participants were female, the rest male) was conducted to examine motion scaling settings effect on movement time for various levels of optical zoom using simple aimed movement tasks with the Zeus robotic system.
The Zeus surgical robot was enhanced with a binocular surgical microscope. The first step was to measure the effective zoom levels at the surgeon's display for each microscope setting. For each zoom setting, we measured the effective magnification by comparing the size of a ruler held up to the screen with the size of the ruler's image as seen through the microscope on the surgeon's workstation display. Similarly, the effective control-response ratios (levels of CDG) of the robot for the different motion scaling settings were determined by moving the controller a set amount and measuring the response of the end effector. These procedures were repeated for all levels of CDG and Zoom used in the current study. The effective amount of motion scaling is not solely dependent on the computerized setting but is also based on the location of the fulcrum for the instrument. For our study, the fulcrum was located approximately halfway up the instrument arms. These settings can be found in Tables 1 and  2 below. Figure 2 below shows the experimental apparatus. 
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Figure 2. Depiction of the Zeus surgical robot system.
Participants were asked to perform a simple aimed movement task at 5 different levels of CDG (the robot settings of 1, 3, 5, 7, and 9, see Table 2 ) spread over 4 levels of Zoom. For this initial study we used an incomplete design and did not examine every CDG level at every Zoom level (low gain at high zoom is not practical -even with slight movements with the controller, the end-effector races across the entire field of view). Within each CDG-Zoom combination, participants were asked to perform aimed movement tasks across multiple levels of task difficulty, specified by the Fitts' Index of Difficulty (ID) metric (Fitts, 1954) . Data corresponding to the easiest condition, with A:W ratios of 2:1 and 6:3 are reported here. A total of twenty trials were conducted in each condition, representing a total of (18 X 2 X 20) 720 trials per participant. A PDA program (written in Embedded Visual C++ 4.0) was used as our testing platform (Figure 4) to conduct the study.
RESULTS & DISCUSSION
A random-effects statistical model of our data using the general linear model indicated both CDG (F = 4.37, p = .006) and Zoom (F = 4.37, p = .006) were highly significant. While the interaction of CDG and Zoom was not directly testable given limitations due to the unbalanced nature of our design, there is an obvious difference in the pattern of the effect of CDG for different levels of Zoom. Figure 3 shows the results from this study in terms of mean movement time shown with ±2 SE standard error bars. As zoom level increases, the movement time decreases for the same control gain. For a particular Zoom level, as the Zeus motion scaling setting is increased, there is a trend for the highest movement time to occur at the lowest motion scaling setting (e.g. 3.9:1 @ 6.4X). We observe a plateau region where increasing the motion scaling may not have any further effect on the movement time -this effect is particularly apparent at the higher levels of Zoom. Higher levels of motion scaling at these Zoom levels could very well produce the U-shaped curve predicted by theory. We note, also, that there appears to be an interaction at the lower zoom levels, where higher motion scaling settings are required for better overall movement times-this indicates that the task in this fairly easy condition (A:W of 2:1) the majority of movement time in these conditions is travel time, rather than adjustment time.
The overall picture is quite clear: First, no matter what level of zoom we consider, there appears to be a setting of CDG that results in better overall performance. Second, the optimal CDG setting changes, depending on the level of Zoom. This experiment needs to be confirmed and extended with more levels of zoom to better understand the effect of zoom on optimal control gain.
There were several sources of error and lessons learned from this study which will be taken into account in our future studies of surgeon-robot interface design. In retrospect we needed to keep better control over several participantrelated items. There was a large variation in participant experience level and this lead to a high degree of interparticipant variability given our small sample size (10 participants). One experienced surgeon was tested along with novice participants. In addition, the instructions and familiarization trials given to the subjects need to be standardized to minimize variability. For instance, the clutch feature of the robotic device used to maintain the hand controllers in an optimal position was difficult for some users and participants need more training in this aspect of robot operation.
In terms of experimental setup, the placement of the fulcrum point (which is crucial for motion scaling) needs to be better controlled. Slight variations in the positioning of the instruments can lead to erroneous data. We plan to develop a method to standardize placement of the alpha-port instrument fulcrum as well as the data collection touch screen. In addition to physical/mechanical improvements to our apparatus, we plan to conduct a thorough investigation of the proposed tablet-based PC software compared to other forms of measurement (such as video digitization) to validate the timing and accuracy data. Slight errors in the software to compute and record the timing data could lead to systematic errors and erroneous conclusions. We hope to continue and extend this work, with the ultimate goal of creating intelligent interface agents for adaptive setting of surgeon-robot interface parameters, all with the goal of optimizing the efficiency and effectiveness of robot-assisted surgical techniques.
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